Aberrant sensory processing plays a fundamental role in the pathophysiology of dystonia; however, its underpinning neural mechanisms in relation to dystonia phenotype and genotype remain unclear. We examined temporal and spatial discrimination thresholds in patients with isolated laryngeal form of dystonia (LD), who exhibited different clinical phenotypes (adductor vs. abductor forms) and potentially different genotypes (sporadic vs. familial forms). We correlated our behavioral findings with the brain gray matter volume and functional activity during resting and symptomatic speech production. We found that temporal but not spatial discrimination was significantly altered across all forms of LD, with higher frequency of abnormalities seen in familial than sporadic patients. Common neural correlates of abnormal temporal discrimination across all forms were found with structural and functional changes in the middle frontal and primary somatosensory cortices. In addition, patients with familial LD had greater cerebellar involvement in processing of altered temporal discrimination, whereas sporadic LD patients had greater recruitment of the putamen and sensorimotor cortex. Based on the clinical phenotype, adductor form-specific correlations between abnormal discrimination and brain changes were found in the frontal cortex, whereas abductor form-specific correlations were observed in the cerebellum and putamen. Our behavioral and neuroimaging findings outline the relationship of abnormal sensory discrimination with the phenotype and genotype of isolated LD, suggesting the presence of potentially divergent pathophysiological pathways underlying different manifestations of this disorder.
Introduction
Isolated focal dystonia is a multifactorial disorder with unclear causes and pathophysiology, which may affect various body regions, from eyelid to foot muscles. This phenotypical heterogeneity is further expanded by the task-specific forms of focal dystonia, which selectively affect similar muscle groups but lead to clinically distinct symptoms, such as writer's cramp vs. musician's hand dystonia or adductor vs. abductor laryngeal dystonia. Whether the different forms of dystonia have a common underlying pathophysiological mechanism and whether there are additional genetic or environmental factors that divert patients into different clinical phenotypes remain largely unknown. Contributing to this, gene discovery for isolated task-specific focal dystonias has been stagnant due, in part, to the small effect size of a risk allele on phenotypic variance, the lack of neural integrity markers of dystonia carriers, and poor understanding of their interplay with genes contributing to this disorder. However, several factors, including the family history of dystonia in up to 12% of patients with isolated focal dystonias (Chan et al., 1991; Friedman and Fahn, 1986; Grandas et al., 1988; Kirke et al., 2015; Maniak et al., 2003; Sheehy et al., 1988) , suggest that genetic susceptibility or dominantly inherited genes with reduced penetrance may be involved in the etiopathophysiology of this disorder.
To this end, behavioral studies examining the underlying quantitative traits have recently hinted to the presence of the mediational endophenotypic markers of dystonia, which reflect gene expression and share common pathogenetic mechanisms with phenotype, thus linking genes with phenotype (Hutchinson et al., 2013) . Specifically, the abnormal temporal discrimination threshold (TDT), a significantly extended time interval at which a subject perceives two stimuli as being asynchronous, has been proposed as a mediational endophenotype of dystonia (Hutchinson et al., 2013) based on the findings in writer's cramp, cervical dystonia, blepharospasm and generalized dystonia Bradley et al., 2009 Bradley et al., , 2012 Fiorio et al., 2003 Fiorio et al., , 2008 as well as in up to 52% of unaffected relatives of patients with DYT1 and adult-onset cervical dystonias (Bradley et al., 2009; Fiorio et al., 2007; Kimmich et al., 2014 ). However, despite its possible importance in the pathophysiology of dystonia, our understanding of the relationships between abnormal sensory processing as a dystonia endophenotype and brain abnormalities underlying the pathophysiology of dystonia remains scarce.
In this study, we examined the visual temporal discrimination thresholds (TDT) in a large cohort of 84 patients with isolated laryngeal form of dystonia (LD), including patients with different clinical phenotypes (adductor vs. abductor forms) and possibly different genotypes (sporadic vs. familial forms), in order to determine phenotype-and putative genotype-specific features of abnormal temporal discrimination. We further investigated the relationships between TDT abnormalities, LD clinical symptoms, and brain structural and functional changes using voxel-based morphometry (VBM) of gray matter volume and functional MRI (fMRI) during both symptomatic speech production and the resting state. In addition, because the tactile spatial discrimination thresholds (SDT) have been previously reported to be altered in writer's cramp, blepharospasm, cervical dystonia but not in generalized DYT1 dystonia (Molloy et al., 2003) , we assessed the SDT in the same cohort of LD patients. To establish the baseline measures, the TDT and SDT were also examined in 30 age-and gender-matched healthy individuals.
We hypothesized that both TDT and SDT will be significantly abnormal across the different groups of LD patients compared to controls. Because abnormal discrimination may represent a mediational endophenotype closer to genes than to clinical phenotype of dystonia (Hutchinson et al., 2013) , we hypothesized that these alterations would be greater in familial than sporadic patients. Based on the prior reports of TDT abnormalities in unaffected first-degree relatives of cervical dystonia patients and asymptomatic carriers of DYT1 mutation (Kimmich et al., 2011 (Kimmich et al., , 2014 , we hypothesized that abnormalities in discrimination would not significantly correlate with LD symptom duration or severity. However, because genes have an immediate impact on brain organization (Meyer-Lindenberg, 2010), we expected that abnormal sensory discrimination would establish significant correlations with the structure and function of brain regions, which likely contribute to dystonia pathophysiology (Neychev et al., 2011; Ramdhani and Simonyan, 2013; Zoons et al., 2011) and are related to abnormal speech motor control in patients with laryngeal dystonia. Specifically, we hypothesized that distinct patterns of correlations between sensorimotor, basal ganglia and cerebellar abnormalities and abnormal sensory discrimination would differ between sporadic and familial LD as well as adductor (ADLD) and abductor (ABLD) forms.
Methods

Subjects
We recruited 102 LD patients and 53 healthy controls. Our exclusion criteria included the presence of other forms of dystonia, lefthandedness, bilingual non-native English speakers, past or present history of neurological, psychiatric, laryngeal or cognitive problems, impaired visual or tactile acuity, and known dystonia gene mutation. Based on these stringent exclusion criteria as well as study dropouts, the final subject groups comprised:
(1) 60 sporadic LD patients without family history of any form of dystonia, including 30 ADLD and 30 ABLD forms; (2) 24 familial LD patients with one or more family members affected with LD or other forms of primary dystonia, including 17 ADLD and 7 ABLD; (3) 30 healthy controls.
All final study participants were right-handed and monolingual native English speakers. None had any history of neurological (other than isolated LD in patients), psychiatric, or laryngeal problems. All subjects scored ≥27 points at the Mini-Mental State Examination, which is indicative of normal cognition (Table 1) . Genetic testing performed on blood samples from all final study participants found no TOR1A (DYT1), THAP1 (DYT6), TUBB4A (DYT4) or GNAL (DYT25) mutations. None of the subjects had any conditions resulting in a loss of visual or tactile acuity, which may have interfered with the completion of experimental testing. The diagnosis of LD was confirmed by fiberoptic nasolaryngoscopy. The patients who received botulinum toxin injections participated in the study only when they were symptomatic, i.e., at the end of their treatment cycle at least 3-4 months after their last injection.
All subjects provided written informed consents, which was approved by the Institutional Review Board of the Icahn School of Medicine at Mount Sinai.
Sensory testing
The visual TDT exam was performed using a custom-made device with two LED flashing lights according to a previously reported protocol (Bradley et al., 2009) . The subject was instructed to focus on a reference focal point in the middle of the subject's field of view at a constant distance of 70 cm, while the device with two LED-flashing lights was positioned within the subject's left or right peripheral vision at a constant distance of 10 cm from the reference focal point. The left/right setup was randomized between the subjects, and both sites were tested in all subjects. While focusing on a focal point, all subjects were instructed to assess the flashing of the two LED lights, which were presented at 5-s intervals and illuminated 14.7 ± 9.6 12.2 ± 8.9 20.6 ± 13.9 24.7 ± 19.7 N/A Symptom severity (visual analog scale; mean ± standard deviation) 7.2 ± 1.9 7.8 ± 1.9 7.0 ± 2.4 7.9 ± 1.5 N/A TDT and SDT values did not show statistical differences between younger (b50 years old) and older (N50 years old) participants or between male and female participants (all p ≥ 0.05, corrected for multiple comparisons). There were no statistically significant differences between the groups in age or gender; the patient groups did not differ statistically in their symptom severity or disorder duration (all corrected p N 0.05).
for 5 ms, first appearing simultaneously and then gradually separating from each other in 5-ms steps. After the presentation of each stimulus pair, subjects verbally reported whether the LEDs appeared to flash synchronously or asynchronously. The same task was performed 6 times with the LED device positioned on each left and right site (total of 12 trials). The first of three correct consecutive responses, when the subject recognized the stimuli to be asynchronous, was considered as an interstimulus interval and defined as the subject-specific TDT. The median of these responses for 6 trials per each left and right sites was computed in order to account for the practice effect and then averaged to derive the TDT of the subject. Tactile SDT was tested using a geometric series of (Semmes Weinstein) Von Frey monofilaments with the forces ranging from 2 to 0.008 g as described earlier (Belluscio et al., 2011) . All subjects were blindfolded and paired presentations of an actual touch by the monofilament or a sham without a contact was randomly delivered to the glabrous part of the right hand. The stimuli were delivered in both directions of increasing and decreasing forces, with the initial choice of force direction randomized between the subjects. Subjects were asked to verbally identify the touch by the monofilament. The individual thresholds were calculated as the mean of the first of the three correct consecutive responses in each tested direction in each subject. Because the stimuli were delivered in both increasing and decreasing forces and because subjects were not made aware that one of the stimuli was a sham, subjects perceived finer monofilaments similar to shams, and vice versa. Conversely, at stronger forces, monofilaments were perceived as one stimulus with a definite distinction from a sham. We therefore acknowledge that this tactile stimulation fell in between tactile threshold detection and discrimination.
All TDT and SDT measures were converted into the standardized Z scores as follows:
Z-score = (patient's actual measure − control mean measure) / control standard deviation measure. Z scores ≥ 2.0 were considered abnormal. Because Shapiro-Wilk tests found that data in some groups were not normally distributed (TDT: W ≤ 0.88, p ≤ 0.0005; SDT: W ≤ 0.86, p ≤ 0.004), we used non-parametric tests to assess the statistical differences between the groups while accounting for the variance differences in TDT/ SDT measures. We conducted two a priori Kruskal-Wallis nonparametric analyses to estimate the overall group differences (1) between controls, sporadic and familial LD patients, and (2) between controls, ADLD and ABLD phenotypes, including TDT and SDT measures as dependent variables at p ≤ 0.025 to correct for multiple comparisons, which were followed by post hoc Mann-Whitney U tests to determine significant differences between the groups, wherever appropriate. ADLD and ABLD groups included both sporadic and familial cases because no significant statistical differences in either TDT or SDT measures were found in sporadic vs. familial ADLD or in sporadic vs. familial ABLD (all p ≥ 0.10). To estimate the accuracy of obtained statistical significance of each test, we performed nonparametric bootstrapping with replacement in 1000 samples to calculated 95% confidence interval (CI) for the differences between the groups. Analyses of the frequency rates of abnormal TDT between sporadic and familial groups and between ADLD and ABLD patients were carried out using Chi-square tests of association with bootstrap resampling with replacement in 1000 samples at an adjusted p ≤ 0.025 to correct for multiple comparisons. Finally, we used Pearson's correlation coefficients to examine the relationships between abnormal sensory discrimination and disorder duration and severity. LD severity was assessed using a visual analog scale that used 10 gradations along a 100-mm line with distance in mm used to indicate the degree of severity of LD-characteristic voice symptoms (i.e., breaks, effort) during the production of 20 sentences containing a high number of glottal stops before the vowels to elicit symptoms of ADLD and 20 sentences containing a high number of voiceless consonants (f/s/h/p/t/k) to elicit symptoms of ABLD (Ludlow et al., 2008) .
Magnetic resonance imaging (MRI)
To determine the contribution of abnormal TDT to brain structure and function in LD, 23 patients (age 62.7 ± 5.9 years old; 17 females/6 males) with abnormal TDT underwent brain functional and structural MRI. Based on their LD characteristics, 8 patients had familial LD (4 ADLD/4ABLD; age 64.8 ± 4.8 years old; 6 females/2 males) and 15 patients had sporadic LD (8 ADLD/7 ABLD; age 61.7 ± 6.3 years old; 11 females/4 males). We examined gray matter volume, functional brain activation during symptomatic speech production and resting state in relation to abnormal TDT in all LD patients as well as in sporadic vs. familial and ADLD vs. ABLD patients, separately.
All patients were scanned on a 3 Tesla Philips scanner with an 8-channel head coil to obtain a high-resolution T1-weighted image as well as functional images during the resting state and symptomatic sentence production. To rule out structural lesions, anatomically reference fMRI data, and carry out volumetric measurements of gray matter, a high-resolution T1-weighted image was obtained using magnetization prepared rapid gradient echo (MPRAGE) sequence with repetition time (TR) = 7.5 ms, echo time (TE) = 3.4 ms, inversion time (TI) = 819 ms, flip angle (FA) = 8°, field of view (FOV) = 210 mm, 172 slices with 1-mm slice thickness. T1-weighted images were processed using VBM8 toolbox of SPM software running on MATLAB version 8.3. Images were bias-corrected for MRI inhomogeneities and noise, tissueclassified into gray matter using the unified segmentation approach (Ashburner and Friston, 2005) and refined by applying adaptive a posteriori estimations and a hidden Markov Random Field Model (Cuadra et al., 2005) . Gray matter probability maps were nonlinearly registered to the Montreal Neurological Institute (MNI) space using the diffeomorphic registration (DARTEL) algorithm to improve intersubject registration (Ashburner, 2007) , modulated for the non-linear component only by the Jacobian determinant of the deformations to preserve tissue volume after warping, and smoothed using a 4-mm Gaussian kernel.
During resting-state fMRI, the participants were instructed to rest in the scanner with their eyes closed without falling asleep and to avoid thinking of anything in particular. Data were obtained using a singleshot echo-planar imaging (EPI) gradient echo sequence (TR = 2000 ms, TE = 30 ms, FA = 90°, FOV = 240 mm, voxel size = 3 × 3 × 3.5 mm with 33 slices covering the whole brain). A total of 150 volumes per subject were acquired in 5 min of the scan time. Resting-state fMRI data processing was performed using FSL software. After removal of the first four volumes due to potential T1 stabilization effects, images were motion corrected, high-pass filtered at 0.01 Hz as a cut-off frequency, smoothed using a Gaussian kernel full-width at halfmaximum (FWHM) of 4 mm, registered to the individual's MPRAGE using a six-parameter rigid transformation, and normalized to the standard Talairach-Tournoux brain using a non-linear algorithm. Preprocessed images were then submitted to a multiple linear regression to control for the effect of white matter and CSF mean signals, as well as for the six motion parameters calculated during realignment of the functional volumes.
Functional images during sentence production were acquired using an event-related sparse-sampling design in order to minimize scanning artifacts due to orofacial movements and to neutralize the scanner noise interference with acoustic stimulus presentation as described earlier (Simonyan and Ludlow, 2010; Simonyan et al., 2013b) . The experimental condition included production of AD-or AB-symptomatic sentences (e.g., "Are the olives large?"; "My father has a new car") and a resting condition as a baseline. The subjects first listened to the auditory example of a task delivered through the MR-compatible headphones within a 3.6-s interval and then reproduced the same task within a 5-s interval, which was followed by a 2-s image acquisition while subjects silently fixated their attention on the black cross. Whole-brain functional images were acquired with a gradient-weighted EPI pulse sequence (TR = 2 s per volume and 10.6 s between volumes, TE = 30 ms, FA = 90, FOV = 240 mm, voxel size = 3.75 × 3.75 mm, 36 slices with 4-mm slice thickness). Each subject completed 4 functional runs; each functional run consisted of 24 tasks and 16 rest conditions. Functional data were analyzed using AFNI software. Following the standard image pre-processing and smoothing with a 4-mm FWHM Gaussian kernel, the task-related responses were analyzed using multiple linear regression with the task regressor convolved with a canonical hemodynamic response function at a scaled peak-to-peak height of 1.0; six motion parameters (x, y, z translations; pitch, roll, yaw rotations) to control for residual motion artifacts, and three polynomials to account for lowfrequency component, such as scanner drift (Perrachione and Ghosh, 2013) . The only contrast of interest was task versus rest as an implicit baseline.
All pre-processed functional and structural images were spatially transformed into the AFNI standard Talairach-Tournoux brain. To examine neural correlates of abnormal discrimination within and between LD groups, we computed whole-brain voxelwise Pearson's correlation coefficients to assess the relationships of abnormal discrimination measures with gray matter volume, functional activation during symptomatic sentence production, and low-frequency fluctuations during the resting state as described previously (Berman et al., 2013; Simonyan and Ludlow, 2012; Simonyan et al., 2013a) . For this, we created a single volume for each of the VBM, resting-state fMRI, and speech-production fMRI datasets by concatenating the respective images (i.e., smoothed, modulated for the nonlinear components, DARTEL warped, segmented gray matter images; beta coefficients of functional activation during symptomatic sentence production, and beta estimates reflecting low-frequency fluctuations during the resting state) across all subjects for each imaging modality. Pearson's correlation coefficients were computed between each voxel in the concatenated datasets and the column of abnormal TDT values. The resultant maps were thresholded at an FWE-corrected p ≤ 0.05 (using Monte-Carlo simulations in the AlphaSim program of AFNI). The follow up conjunction analyses were performed to examine the extent of overlapping and distinct alteration in brain structure and function in relation to abnormal sensory discrimination in sporadic vs. familial and ADLD vs. ABLD patients.
Results
TDT and SDT values did not show statistical differences between younger (b 50 years old) and older (N50 years old) participants or between males and females (all p ≥ 0.05, corrected for multiple comparisons) in either group. Similarly, there were no significant differences between the patient groups in respect to their symptom severity or disorder duration (all p ≥ 0.31, corrected for multiple comparisons).
Sensory testing in LD and controls
In 30 healthy controls, the visual TDT was 35.7 ± 10.7 ms (Zscore = 0.0 ± 1.00) and the tactile SDT was 0.16 ± 0.13 g (Z-score = 0.0 ± 1.04) ( Table 2 ). None of the control subjects had abnormal TDT, but two healthy subjects (6.7%) had an abnormal SDT of 0.50 and 0.58 (Z-scores = 2.62 and 3.23, respectively) (Fig. 1, Table 2 ).
Among all 84 LD patients, visual TDT was 48.4 ± 21.9 ms (Z-score = 1.25 ± 2.17) and the tactile SDT was 0.19 ± 0.23 g (Z-score = 0.26 ± 1.76) (Fig. 1, Table 2 ). Two sporadic LD patients had higher scores for discrimination (one ABLD: TDT Z-score = 11.8 and SDT Z-score = 8.8; one ADLD: SDT Z-score = 8.7), which were, however, similar to the range reported earlier across different forms of dystonia (Bradley et al., 2012) .
Compared to healthy controls, 26 LD patients (31%) had abnormal TDT and 5 patients (6%) had abnormal SDT. As hypothesized, these TDT and SDT abnormalities did not show significant relationships with LD severity or duration in any patient group (all p ≥ 0.31). However, at the neural level, abnormal TDT measures across all LD patients correlated with gray matter volume of the left middle frontal gyrus (r = − 0.54) and primary somatosensory cortex (r = − 0.61) as well as with brain activation in the left parietal operculum/primary somatosensory cortex (r = −0.64) during symptomatic speech production (all FWE-corrected p ≤ 0.05) (Fig. 2) . No significant relationships were found between abnormal TDT measures and resting-state brain activity in LD patients. Due to low frequency of SDT abnormalities in only 5% of LD patients and thus a low statistical power for further analysis, the correlations between abnormal SDT and brain function and structure were not performed.
TDT and SDT measures based on a putative genotype of LD
Abnormal visual TDT was found in 9/24 (37.5%) familial LD patients and 17/60 (28.3%) sporadic LD patients ( Fig. 1A ; Table 2 ). Abnormal tactile SDT was found in 5/60 (8.3%) sporadic LD patients only ( Fig. 1B ; Table 2 ). An initial a priori Kruskal-Wallis test comparing TDT and SDT between familial, sporadic and control groups found a statistically significant group difference in visual TDT (χ 2 = 11.5, p = 0.009, 95% CI = 0.58-1.31) but not tactile SDT (χ 2 = 2.99, p = 0.39, 95% CI = − 0.09-0.50). The follow up Mann-Whitney U-tests determined that TDT was significantly increased in both patient groups compared to controls (familial LD vs. control: p = 0.02, 95% CI = 0.17-0.96; sporadic LD vs. control: p = 0.005; 95% CI = 0.45-1.28). A comparison of the frequency rate of abnormal TDT responses in sporadic and familial LD showed a significant difference between the two groups (χ 2 = 115.5, p ≤ 0.005, 95% CI = 0.82-1.72). In both patient groups, abnormal TDT was negatively correlated with brain activity in the left middle frontal and superior temporal gyri (all peak r = − 0.79) during symptomatic speech production ( Fig. 3C; Table 3 ). In addition, sporadic LD patients showed negative correlations in the right sensorimotor cortex and bilateral supplementary motor area (SMA) (r ≥ −0.73) as well as positive correlations in the left anterior cingulate cortex (ACC) and bilateral cerebellum (left lobule VIIa and right lobule VI) (r ≥ 0.68). Familial LD patients had an additional positive correlation between abnormal TDT and symptomatic brain activation in the right superior temporal gyrus (r = 0.98).
No common regions of correlation between sporadic and familial LD patients were identified for abnormal TDT values with either restingstate brain activity or gray matter volume (Fig. 3A, B) . However, sporadic LD patients showed positive correlations between abnormal TDT measures and resting brain activity in the right precentral gyrus, putamen/pallidum and bilateral cerebellum (r ≥ 0.79) ( Fig. 3B; Table 3 ). A negative correlation of abnormal TDT with gray matter volume was found in the left postcentral gyrus (r = −0.79), while positive correlations were established in the left superior frontal gyrus, right middle temporal gyrus, and putamen (r ≥ 0.59) ( Fig. 3A; Table 3 ).
On the other hand, abnormal TDT in familial LD patients had a positive relationship with resting brain activity in the left middle cingulate cortex (r = 0.96) and negative relationships in the bilateral cerebellum (lobule VII) (r ≥ −0.92) ( Fig. 3B; Table 3 ). Structurally, familial LD patients showed negative relationships between abnormal TDT scores and gray matter volume in the left precentral gyrus and bilateral cerebellum (r ≥ −0.88) ( Fig. 3A; Table 3 ).
TDT and SDT measures based on LD clinical phenotype
Abnormal TDT was found in 13/37 (35.1%) ABLD and 13/47 (27.7%) ADLD patients ( Fig. 1C; Table 1 ), while SDT abnormalities were observed in 1/37 (2.7%) ABLD and 4/47 (8.5%) ADLD patients. An initial Kruskal-Wallis test of TDT and SDT Z-scores in ADLD, ABLD and control groups found a significant group effect in visual TDT (χ 2 = 9.4, p = 0.009, 95% CI = 0.58-1.29) but not tactile SDT (χ 2 = 0.40, p = 0.82, Common to both groups, abnormal TDT was correlated with brain activation during symptom production in the left primary sensorimotor cortex (r ≥ ±0.68) and with resting brain activation in the left ACC (r = 0.64) ( Fig. 3F, H ; Table 4 ). In addition, ADLD patients showed negative correlations between abnormal TDT scores and symptom-related brain activation in the left middle/inferior frontal gyrus, posterior cingulate cortex and bilateral SMA (r ≥ −0.70), while the left superior frontal gyrus and precuneus were positively correlated during the resting state (r ≥ 0.70) (Fig. 3G, I ; Table 4 ). The ABLD group established positive relationships between abnormal TDT and symptomatic brain activation in the bilateral SMA, right insula/parietal operculum and cerebellum (lobule VI) (r ≥ 0.75), whereas the middle frontal gyrus was correlated with abnormal TDT during both resting state and speech production ( Fig. 3G, I ; Table 4 ).
As in the case with sporadic and familial LD, the ADLD and ABLD patients did not show any common significant relationships between abnormal TDT measures and gray matter volume ( Fig. 3E; Table 4 ). However, ADLD group-specific positive correlations were found in the left middle/posterior cingulate cortex and right parietal operculum (r ≥ 0.85), whereas ABLD group had negative correlations in the bilateral insula/parietal operculum, left inferior frontal gyrus and inferior parietal lobule as well as the right putamen/pallidum (r ≥ −0.79).
Discussion
Our findings outline the relationships between abnormal sensory discrimination and phenotype/genotype interactions in isolated focal dystonia and elucidate the neural substrates underlying a possible endophenotype of this disorder. Specifically, our study demonstrates that patients with all forms of LD, including sporadic and familial LD as well as ADLD and ABLD, exhibit a range of abnormalities in temporal but not spatial discrimination, which is suggestive of greater sensitivity of the TDT measure in this disorder. Compared to sporadic LD patients, TDT abnormalities in familial LD had both greater frequency (i.e., 37.5% familial vs. 28.3% sporadic) and higher penetrance (i.e., 37.5% penetrance of abnormal TDT in familial LD vs. 12% penetrance of the familial phenotype (Kirke et al., 2015) ). Conversely, abnormal TDT frequency rates did not differ significantly in clinically distinct ADLD and ABLD phenotypes. In line with this finding and as hypothesized, we did not observe any significant correlations between symptom duration or severity and TDT abnormalities, which points to abnormal TDT as an LD endophenotype with a closer, more upstream relationship to the underlying (albeit yet unknown) gene(s) than to the clinical phenotype. Further substantiating these findings, the presence of TDT abnormalities highlighted a separate group of LD patients, who exhibited structural and functional brain alterations in the middle frontal and somatosensory cortices. These findings are consistent with the previous report of TDT-associated brain activity in unaffected relatives of dystonia patients (Kimmich et al., 2014) , hinting at a possibly causative nature of sensory alterations in dystonia pathophysiology. Importantly, fine-grained distinctions emerged in the comparisons between sporadic and familial LD and between ADLD and ABLD patients, which shed light on divergent, multifactorial pathophysiological pathways underlying distinct genotype and phenotype relationships in this disorder.
Neural correlates of abnormal TDT based on putative genotype of LD
Identification of both common and distinct neural correlates of TDT processing unifies different forms of LD and, at the same time, reflects the presence of possible differences in LD genotype/phenotype relations. During symptom production, both sporadic and familial LD patients established common negative correlations between abnormal TDT and brain activity in the left middle frontal and superior temporal gyri, indicating that an increase in discrimination threshold led to a decrease in activation in these brain regions. These findings suggest an importance of the executive frontal cortical network in LD pathophysiology, possibly through the aberrant basal ganglia-thalamo- cortical influences contributing to altered speech motor planning and execution (Alvarez and Emory, 2006; Bourguignon, 2014) .
With regard to distinct features of TDT neural representation, familial LD patients extended their relationships between abnormal TDT and resting-state brain function to the middle cingulate cortex and cerebellum (lobules VIIa-VIIb), whereas sporadic LD patients showed additional correlations between abnormal TDT and brain function in the primary sensorimotor cortex, SMA, ACC, putamen/pallidum and cerebellum (lobules VI and VIIa). Differences in structural correlations between abnormal TDT and gray matter volume were found predominantly in the basal ganglia in sporadic LD and the cerebellum in familial LD. Such a disparity of neural representations of abnormal TDT processing across different forms of LD suggests greater involvement of the sensorimotor network during symptom generation in sporadic than familial LD. Within this circuitry, involvement of the putamen and pallidum in the sporadic group resonated well with previous studies reporting striatal volumetric changes as a contributing factor to the pathophysiology of focal dystonia (Black et al., 1998; Draganski et al., 2003; Etgen et al., 2006; Granert et al., 2011; Simonyan and Ludlow, 2012) . Our findings further extend this knowledge by showing correlations between basal ganglia abnormalities and a potential mediational endophenotype of LD. Based on identified relationships of abnormal TDT with putamen/pallidal structure and restingstate activation in sporadic LD, we suggest that this region may also be involved in aberrant processing and integration of temporal aspects of sensory information with motor behavior in dystonia.
On the other hand, the microstructural changes (represented by gray matter volumetric abnormalities on VBM) in the cerebellum in the familial group not only signified its recently proposed role in dystonia pathophysiology (Prudente et al., 2014) , but also suggested that this structure may be particularly critical in hereditary dystonias. Indeed, cerebellar influences on motor control were reported in a number of electrophysiological and imaging studies among various forms of hereditary dystonias, including DYT1 (Carbon and Eidelberg, 2009; Sadnicka et al., 2015) and DYT6 (Carbon et al., 2008) , whereas the cerebellothalamo-cortical projections have been shown to facilitate intracortical inhibition (Molinari et al., 2002) and to be associated with cortical plastic changes (Doyon et al., 1998) . In a mouse model of dystonia, aberrant cerebellar relay to the basal ganglia was recently deemed to contribute to dystonia via the short latency cortico-striatal pathway (Chen et al., 2014; Ulug et al., 2011) . In addition, the cerebellum establishes projections with several cortical regions, including prefrontal cortex, SMA and posterior parietal cortex (Akkal et al., 2007; Clower et al., 2001; Coffman et al., 2011) , thus possibly exerting its direct or indirect influences on abnormal functional relationships between TDT and brain activity in the prefrontal cortex. Our findings suggest that cerebellar microstructural changes and outflow dysfunction in patients with hereditary dystonia may result, in part, from upstream altered sensory processing rather than represent a coexisting trait.
Neural correlates of abnormal TDT based on LD clinical phenotypes
Both ADLD and ABLD groups showed common correlations of abnormal TDT with symptomatic brain activation in the left primary sensorimotor cortex and with resting-state activation in the left ACC. The finding of sensorimotor involvement is consistent with previous reports of functional and microstructural alterations in this region (Ali et al., 2006; Haslinger et al., 2005; Ludlow, 2010, 2012; Simonyan et al., 2013a) and may underline the aberrant function of this region in processing and execution of motor task production. The contribution of the ACC in LD is less clear but may be important for controlling action-inhibition and perception as part of the executive resting-state network (Smith et al., 2009 ) via direct connections with the laryngeal/orofacial motor cortex Jurgens, 2002, 2005) .
Both ADLD and ABLD groups showed regions of distinct correlations with abnormal TDT similar to those in sporadic and familial LD patients. In addition, ADLD and ABLD groups established significant structural relationships with the insula and parietal operculum. While the parietal operculum is likely to be one of the structures on the afferent (sensory) pathway of LD, the insular cortex, along with the middle frontal cortex and ACC, may be responsible for the refinement of executive functions on the efferent pathway, upstream to the motor cortex, contributing to LD symptomatology.
Conclusions
Our study demonstrated that temporal discrimination is abnormal across different clinical phenotypes and putative genotypes of LD. We further showed that these abnormalities are related to alterations in brain function and structure, with both common and distinct patterns of abnormalities between sporadic and familial cases as well as between ADLD and ABLD clinical phenotypes. As a direction for future research, it is conceivable that these genetic influences are greater in familial LD patients, which may prime them to develop dystonia following a (yet unknown) trigger, whereas the dystonic cascade in sporadic patients may be provoked by motor entrainment coupled with abnormal sensory feedback. On the other hand, largely similar frequency rates of sensory discrimination abnormalities between ADLD and ABLD patients might suggest a role for additional influences (e.g., environmental (Schweinfurth et al., 2002; Tanner et al., 2011) ) that may further divert these patients into different clinical phenotypes.
Conflicts of interest/financial disclosures
None.
Acknowledgments
We thank Aisling Fanning, Adriana Dabacan and Robert Whelan for their help with initial TDT setup, Beth Belluscio for her advice on SDT procedures, Amanda Pechman for patient recruitment, and Lazar Fleysher and Heather Alexander for imaging data acquisition. This work was supported by R01DC01180 grant to KS from the National All r values are at an FWE-corrected p ≤ 0.05. The correlation peak coordinates are given in the AFNI standard Talairach−Tournoux space. L -left; R -right. The asterisk (*) denotes the clusters that span over two or more brain regions. 
